On the basis of investigations of environmental and genetic variation in flight capacity of the light brown apple moth, Epiphyas postvittana (Walker) (Tortricidae), genetic covariations between flight capacity and life-history traits in this species were studied by means of sibling analysis and artificial selection. Both sibling analysis and artificial selection strongly evidenced the existence of additive genetic covariances between flight capacity and life-history traits such as developmental time, adult body weight at emergence, age at first reproduction and fecundity. Flight capacity was negatively correlated with adult body weight, the number of eggs laid during the first 5 days of adult life and total fecundity, whereas it was positively correlated with developmental time from egg-hatch to adult emergence, age at first reproduction and adult life span. These results, which indicate that increased flight capacity is accompanied by a slower developmental rate, smaller body size, delayed oviposition and less fecundity, resulting in a lower population growth rate, contrast with the colonizing syndrome that highly mobile individuals show rapid development, early reproduction and high fecundity. It is suggested that the existence of genetic 'trade-offs' between flight capacity and these life-history traits is partially responsible for the general occurrence of variability in dispersal capacity by flight in this species.
Introduction
Dispersal is an adaptation to survival and reproduction in species that inhabit changing environments (Tauber et al., 1986) , and natural selection would be expected to produce a suite of life-history traits that co-evolve with dispersal (Dingle, 1986) . To understand the potential and constraints for phenotypic evolution of dispersal by flight in response to a particular selective regimen, therefore, knowledge of both genetic variations and covariations in flight and life-history traits, especially the components of fitness (Loeschcke, 1987) , must be known.
In a separate paper (Gu & Danthanarayana, 1991) , the investigation into the genetic variation in flight capacity in the light brown apple moth, Epiphyas postvittana (Walker) (Tortricidae) is described. Quantitative genetic analyses have shown that there is a substantial additive genetic variance for flight capacity. The 61 importance of demonstrating additive genetic variance is that it reveals the potential of a given trait to respond to selection (Falconer, 1981) . However, the response to natural selection is also governed by the additive genetic variance-covariance relationships among different traits (Lande, 1979; Rose, 1982 Rose, , 1983 .
The purpose of the present study is to investigate whether there are significant genetic covariations between flight capacity and some life-history traits which could influence phenotypic evolution, and whether the pattern of genetic covariance structure within a population, which characterizes colonizing populations or species (Safriel & Ritte, 1980; Parsons, 1983) , occurs in E. postvittana. To address these issues, quantitative genetic analysis was performed to examine the genetic correlations between flight capacity and several life-history traits in natural populations. Populations differentiated by artificial selection on flight capacity (Gu & Danthanarayana, 1991) were assayed for correlated responses in these life-history traits and for the intrinsic rate of natural increase, one of the most commonly used measurements of fitness.
Materials and methods

Estimation of genetic correlation
In a nested experiment, as described by Gu & Danthanarayana (1991) , not only was flight capacity tested, but also several life-history traits were measured on the same individuals. Each female was weighed at the same time on the day of emergence on an electronic balance and was then paired with a male within an oviposition chamber. Records were taken daily for egg-laying and survival status. Thus, the data from each individual allow estimation of both genetic variances in individual traits to calculate their heritabilities (Gu & Danthanarayana, 1991) and genetic covariances between different traits to calculate genetic correlations. The total phenotypic variances of traits and covariances of pairs of traits were broken down to components of variance and covariance, attributable to the effects of sire and dams within sire, and individual offspring of the same dam (Becker, 1984; Falconer, 1981) . LSMLMW, a general purpose 'mixed model least-squares' computer program (Harvey, 1970 (Harvey, , 1988 was used to estimate the variance and covariance components.
Genetic correlations were computed from these components in each case by simply dividing the family covariance component estimate for the two traits (x and y) by the geometric mean of the two 'family' variance component (paternal half-sib) estimates. The calculations were based on log10 transformed data. A two-tailed t-test (Sokal & Rohlf, 1981) was performed to determine if the estimated genetic correlations were different from zero.
Estimation of correlated responses in life-history traits To test a correlated response to selection for flight potential, which is defined as a change in the mean phenotype value of one trait that accompanies a response to selection in another trait (Falconer, 1981) , some of the life-history traits (such as adult body weight at emergence, adult lifespan, age at first reproduction, fecundity and oviposition pattern) were measured on moths of long-flying, short-flying and control lines in generations 4, 7, 8 and 9 of selection. In each of these generations, 20 pairs of male and female moths were randomly sampled and maintained within oviposition chambers, each holding a single pair, in a controlled environment with a temperature of 20±0.5°C, 60-70 per cent r.h. and a light cycle of Li 4 :D 10, unless otherwise stated. These moths were fed with water and checked daily for survival and oviposition.
Estimation of population growth parameters
The experiment to estimate the intrinsic rate of natural increase and associated parameters was started with eggs newly laid by moths randomly sampled from the long-and short-flying lines in generation 12 (selection was relaxed in generation 11). At the age of 3 days, egg masses were examined for fertilization and then checks for hatching were made twice a day (morning and evening). The ratios of hatched larvae to fertilized eggs were calculated as the survivorship rates at egg stage. On the day of hatching, larvae were singly transferred into plastic cups (4 cm in diameter and 3.8 cm high) with 5 g of artificial diet (Shorey & Hale, 1965) per cup. At late larval stages, daily checks were made of pupation and emergence. On the day of emergence, male and female moths were paired singly within oviposition chambers.
Records were taken daily for egg deposition and Tables of age-specific survival (lx) and age-specific fecundity (mi) were constructed for each of the selected lines using the methods described by Birch (1948) . The age-specific survival (li) is the probability of survival to the midpoint of the stage or age interval (x) and was corrected for the sex ratio of successfully emerging adults. The age-specific fecundity (mi) was corrected for sex ratio of 1:1. Based on the constructed life tables, the approximate estimates of the intrinsic rate of natural increase (rm) and the associated parameters were calculated using the following formulae (Birch, 1948 
Results
Genetic correlations between flight capacity and lifehistory traits Both positive and negative genetic correlations of varying magnitudes occurred between flight capacity and life-history traits (Table 1) . Moreover, the genetic covariance structure was shown to differ between the populations at different laboratory temperatures.
Flight capacity was significantly positively correlated with developmental time (DT) and age at first reproduction (AFR) in both populations at 23°C and in the Melbourne population at 28°C. It was also found to be significantly positively correlated with adult life span (ALS), and negatively with adult body weight at emergence (BW) in the Canberra population at both temperatures and in the Melbourne population at 28°C, with the exception of a positive correlation between flight capacity and 13W in the Canberra population at 28°C. For the reproductive traits flight capacity was negatively correlated with the number of eggs laid during the first 5 days of adult life (F5D) but only significantly in the Melbourne population at 28°C; it was significantly negatively correlated with the number of eggs laid at the late stage of adult life (FRP) in the Melbourne population at both temperatures but positively in the Canberra population at 28°C. Inclusively, flight capacity was negatively correlated with total fecundity (TF) in all cases, but only significantly in the Canberra population at 23°C and in Melbourne at 28°C.
Correlated response in life-history traits Data for life-history traits (such as adult body weight at emergence, adult life span, age at first reproduction and fecundity, recorded for samples taken from the DT= development time from egg hatch to adult emergence; BW adult body weight at emergence; ALS = adult life span; AFR = age at first reproduction; F5D = eggs laid during the first 5 days of adult life; FRP eggs laid from day 6 to the end of adult life; TF = total fecundity. traits between the two selected lines except for adult 8 and 9 of selection) are shown in Tables 2-5. body weight, although in this generation flight
By generation 4, selection on flight capacity did not capacities of both males and females in the two result in significant differences in these life-history selected lines had significantly diverged from the (Sokal & Rohif, 1981) . However, in generation 7, body weight and fecundity of moths diverged between the selected lines, as compared with those in the control; in generation 8, all examined traits except for adult life span in the two selected lines significantly diverged in opposite directions from those of the control line. In generation 9, on the other hand, only age at first reproduction and fecundity were significantly different among the three lines.
The daily oviposition patterns of moths in genera- that oviposition patterns of moths from the three lines differ significantly in generations 7, 8 and 9, with the peak of egg-laying more delayed in the long-flying line, but occurring earlier in the short-flying line due to successive selections on flight potential.
Obviously, selection for increased flight capacity caused a longer pre-oviposition period and reduced fecundity, and vice versa in the case of selection for decreased flight capacity.
The population growth parameters
The mean durations of immature stages (egg, larva and pupa) are shown in Table 6 . Clearly, individuals of the long-flying line developed at a slower rate at immature stages, as compared with those of the short-flying line, with the significant difference in developmental rate occurring at larval and pupal stages.
The proportions of survivors at immature stages and the ratios of female to male moths were also found to differ, to some extent, between the two selected lines (Table 7 ). The survivorship rates at both egg and larval stages were higher in the long-flying line than in the short-flying line, but the rate at pupal stage and the ratio of females to males were greater in the latter than in the former. In addition to the differences in developmental rate, survivorship and sex ratio, the age-specific birth schedules (mr) of long and short fliers differed substantially (Fig. 3) . Short fliers reproduced earlier in adult life than did long fliers which delayed their reproductive effort. The reproductive delay in the long fliers is evidenced by a comparison between the curve patterns of the long and short fliers. The reproductive functions (l1m), which combine age-specific survivorship (li) and fecundity (mu), are presented in Fig. 3 for the two forms. Not only is the area under each curve (net reproductive rate = R0) much greater for short fliers than for long ones, but also the peak of the reproductive function is delayed for long fliers. All these differences in life-history traits between the two forms greatly influenced the population growth parameters that are summarized in Table 8 . In comparison to the short-flying population, the long-flying one had a longer generation time (T), but smaller net reproductive rate (R0) and intrinsic rate of natural increase (Tm).
-
Discussion
Despite differences in magnitude and even sign of genetic correlations estimated from the two natural populations at two laboratory temperatures, the flight capacity of E. postvittana moths was shown to be significantly correlated with most of these examined lifehistory traits, whether positively or negatively ( Table  1 ). The inconsistency in these estimated genetic correlations between the two populations may be attributable to the different genetic structure and/or differential response to environmental temperature of these populations. Such an inconsistency is also reflected in genetic correlations among these life-history traits, which will be reported separately (H. Gu & W. Danthanarayana, in preparation) . Indeed, both genetic differentiation of natural populations and genotype-environment interaction in flight and life-history traits have been detected in this species (H. Gu & W. Danthanarayana, in preparation) . On the other hand, failure to obtain consistent genetic correlations for flight capacity with developmental time and with adult body weight for the Canberra population at the two laboratory temperatures could be caused by the environmental effect, as Service & Rose (1985) pointed out, or sampling errors. These suggest that the results from the sib analysis should be interpreted cautiously and that the extrapolation of these results to situations that are different from those under which they were estimated may be misleading. The genetic correlations between flight capacity and life-history traits were largely confirmed by correlated responses in the selection experiment on the Melbourne population. It was found that there were differences in life-history traits of the moths from the populations differentiated by artificial selection on flight capacity (Tables 3-5 ). The moths of both sexes from the long-flying line needed a much longer time to mature, as compared with those from the short-flying line, but the significant difference occurred only at the larval and pupal stages (Table 6 ). This justifies the measurement for development time from egg-hatching to adult emergence used in the nested experiment. The differences in life-history traits between long and short fliers were also manifested in age at first reproduction and fecundity, with the result that the long fliers delay reproduction and lay less eggs in comparison to short fliers.
The significant divergence between the two selected lines in developmental time, age at first reproduction and fecundity, as well as in flight capacity, is expected in the light of the existence of additive genetic covariances between flight capacity and these traits in natural populations. As changes in developmental time, age at first reproduction and fecundity were detected as correlated responses to selection on flight potential, a portion of the observed genetic variation is likely to be due to segregating alleles that simultaneously affect these traits by pleiotropy (Falconer, 1981) . Although the observed changes may partly be the result of random genetic drift and some inbreeding effect inevitably occurred during the establishment of the selected lines, the correlated responses must be mainly the result of genetic correlations between flight capacity and the various traits, as over the 10 generations these traits in the control (unselected line) remained unchanged.
The genetic correlations among developmental time, adult body weight, age at first reproduction, fecundity and flight capacity suggests that particular combinations of these traits are selected against or selected for in the natural population. These results, which indicate that increased flight capacity is correlated with slower developmental rate, smaller body size, delayed oviposition and less fecundity, resulting in a lower population growth rate, contrast with the colonizing syndrome that highly mobile individuals are characterized by rapid development, early reproduction and high fecundity (Safriel & Ritte, 1980). In the sense that genes with negative pleiotropic effects on two traits control the energy partitioning process at the physiological level (Sibly & Calow, 1986) , in the long-flying (highly mobile) individuals of E. postvittana, the consequence of the partitioning process might be that less energy is available for development, body size maintenance and reproduction, hence the larval and pupal development period should increase, the body size of adults and the daily oviposition rate should decrease in comparison with short-flying individuals. These suggest the existence of 'trade-offs' between flight capacity and life-history traits.
Phenotypic trade-offs between flight capacity and life-history traits have been reported for a variety of insect species or populations (see review in Denno et a!., 1989) , although there are examples in which high flight capacity is accompanied by rapid development, early reproduction and high fecundity (Ritte & Lavie, 1977; Lavie & Ritte, 1978; Hegmann & Dingle, 1982; Palmer, 1985; Dingle eta!., 1986; Zirkle, eta!., 1988) . The trade-offs are supposed to be of significance to the evolution and maintenance of flight polymorphism in insects (Roff, 1984 (Roff, , 1990 Denno et a!., 1989) .
Obviously, the experimental demonstration of such trade-offs genetically, that is the detection of negative genetic correlations, is critical to this point, as knowledge of the 'genetic structure' among traits concerned is essential to understanding both the potential and constraints for phenotypic evolution in a particular environment (Loeschcke, 1987) . In addition, the existence of negative genetic correlations, referred to as genetic 'trade-offs' between ifight capacity and lifehistory traits, especially those fitness-related traits, may be important in the maintenance of genetic variation (Rose, 1983 .
Although genetic trade-offs between flight capacity and various life-history traits are apparent from both the laboratory investigations and field observations (Danthanarayana, 1976a, b) in E. postvittana, the relative advantages associated with the ability to fly in this species are obvious in consideration of its natural habitats. Long-flying ability facilitates escape from deteriorating patches of host plants and the colonization of more nutritious stands that occur elsewhere.
The offspring of long-flying individuals, by developing on more nutritious plants, survive better, mature earlier and produce larger adults with a higher fecundity, than they would have if confined to less nutritious plants (Danthanarayana, 1975 (Danthanarayana, , 1983 Geier & Briese, 1981) . Under extremely harsh conditions, e.g. dry and hot seasons, such as the 1973 summer in Australia (Danthanarayara, 1983), long-flying forms may well have contributed to survival of this species by preventing the extinction of local populations. The interaction between the flight response to impact of food (water deficit) and climate (temperature) and genetic variability in ifight behaviour causes some individuals to be more flight-worthy (Danthanarayana, 1 976a, b; H. Gu & W. Danthanarayana, in preparation) . In the context, such interaction would be of adaptive significance to E. postvittana. Furthermore, in uncertainly variable environments, high mobility provides an element of behavioural flexibility that allows long-flying forms to compensate partially for their developmental reproductive delay and reduced fecundity, and the genotype with smaller growth rate can achieve high fitness by smaller probability of extinction (Tuljipurkar & Orzack, 1980) .
